The self-mode-locked (SML) operation at 946 nm can be achieved with a monolithic Nd:YAG crystal when the pump power is above the threshold of the multiplelongitudinal-mode generation. The SML output is further found to include two orthogonal polarization components with a beat frequency coming from the birefringence effect in the laser crystal. The beat frequency can be widely adjusted in the range of 5−220 MHz by controlling the cooling temperature. The present experiment also confirms the theoretical prediction that the two-mode operation generally exhibits the chaotic dynamics when the frequency difference is sufficiently close to the relaxation frequency. 
Introduction
Orthogonally polarized dual-frequency (OPDF) lasers are attractive for many applications, such as optical navigation, military purpose, medical surgery, material processing and highresolution measurement [1] [2] [3] [4] [5] [6] [7] . One typical method for generating the OPDF laser is to insert a birefringent element into the laser cavity to split the laser frequency between two orthogonal states [7] [8] [9] . Alternatively, the OPDF laser can be generated by introducing the induced birefringence into an isotropic gain medium, such as Nd:YAG crystal. The induced birefringence [10] [11] [12] [13] [14] that may come from the residual stress, external force or thermal stress can lead to a frequency difference between two orthogonally polarized modes.
The realization of the mode-locked operation in the OPDF lasers is greatly useful for numerous practical applications, such as in angular trapping and rotational acceleration of a diatomic molecule, in vectorial control of magnetization, and in optical communication [14] [15] [16] [17] [18] . Recently, the self-mode-locked (SML) operation in an OPDF YAG 1064-nm laser has been successfully demonstrated by using a simple linear cavity without any additional saturable absorber [14, 19] . The fundamental mechanisms for achieving the SML operation are the nonlinearity of the gain medium itself and the soft aperture formed by the endpumping scheme [20] [21] [22] [23] . Both theoretical and experimental results confirm that an increase in the longitudinal mode spacing is effectively beneficial to the SML operation [24] [25] [26] . Consequently, the monolithic resonator with large mode spacing is particularly suitable for the SML operation [25] [26] [27] [28] . In the early stages, monolithic or bonded cavities were often used in developing the continuous-wave [29-31] and passively Q-switched lasers [32] [33] [34] [35] due to the advantage of mechanical stability, compact, and alignment-free manufacturing.
Lasers with wavelength in the range of 0.9 μm are practically useful in the remote sensing and the generation of blue lasers by using second harmonic generation for underwater communications and display technologies. In this work, we explore the laser performance of a diode-end-pumped Nd:YAG crystal with the coating to form a monolithic 946-nm cavity. Experimental results reveal that the SML operation can be naturally achieved as long as the pump power is high enough for the multiple-longitudinal-mode generation. At an incident pump power of 2.9 W, the monolithic laser can efficiently generate a total output power of 460 mW with a pulse repetition rate of 12.6 GHz that corresponds to the crystal length of 6.5 mm very well. Furthermore, the polarization-resolved measurement shows that the SML output consists of two orthogonal polarization components along the vertical and horizontal directions. It is also found that the central frequency difference between two orthogonally polarized mode-locked states leads to a beating modulation in the temporal characteristics. It is experimentally confirmed that the birefringence effect of the laser crystal mainly comes from the temperature difference between side walls and bottom wall of the crystal holder. As a result, the beat frequency can be directly adjusted by controlling the temperature of the bottom wall of the crystal holder. The beat frequency is down to the minimum when the controlling temperature is close to the environment temperature. The adjustable range of the beat frequency is approximately 220 MHz for the temperature decreasing from 27 °C to 10 °C. It is intriguingly found that the laser output usually displays the chaotic temporal dynamics when the beat frequency is in the region of the minimum and close to the relaxation oscillation frequency. The appearance of dynamic chaos was well consistent with the laser theory for the interaction of two-mode class-B laser sources with the relaxation oscillation [36] [37] [38] . This finding indicates that the present system can pave a way to explore the laser dynamics arising from the interaction between the relaxation oscillation and the beat modulation of two orthogonal polarizations in class-B lasers.
Experimental setup
The experimental setup for the monolithic Nd:YAG laser is shown in Fig. 1(a) . The gain medium was a 1.1-at. % Nd:YAG crystal with a length of 6.5 mm and a transverse aperture of 3 × 3 mm 2 . End surfaces of the gain medium had the coatings to form a monolithic cavity at 946 nm. The front surface of the Nd:YAG crystal had the high-reflection coating (HR, R > 99.9%) at 946 nm for resonance, the high-transmission coating (HT, T > 95%) at 808 nm for transmitting the pump light, the high-transmission coating (T > 90%) at 1064 nm and 1320 nm for suppression. The output surface had the partial-reflection coating (PR, R = 97%) at 946 nm for output emission and the high-transmission coating (T > 90%) at 1064 nm and 1320 nm for suppression. The gain medium was wrapped with indium foil and mounted in a copper holder, as shown in Fig. 1(b) for the end view. The bottom wall of the copper holder was water-cooled with a precise temperature controller. Note that the temperature of the side walls of the copper holder was slightly different from the bottom wall due to the thermal resistances contributed by the heat conduction to the bottom wall and the heat convection to the surrounding.
The pump source was a 3-W 808-nm fiber-coupled laser diode with a 200-μm fiber core diameter and a numerical aperture of 0.16. The pump light was focused into the gain medium by using a lens with the focal length of 50 mm for collimation and a lens with the focal length of 25 mm for focusing. The radius of the pump beam in the Nd:YAG crystal was approximately 50 μm. The mode-locked pulse train was detected by a high-speed InGaAs photodetector (Electro-Optics Technology Inc. ET-3500 with rising time 35 ps) and the output signals were connected to a digital oscilloscope (Teledyne LeCroy WaveMaster 820Zi-A) with 20 GHz electrical bandwidth and a sampling interval of 25 ps. At the same time, the output signal of the photodetector was also delivered to a RF spectrum analyzer (Agilent, 8563EC) with bandwidth of 9 kHz to 26.5 GHz. A Fourier optical spectrum analyzer (Advantest Q8347), which was formed with a Michelson interferometer, was applied to monitor the spectral information with the resolution of 0.003 nm. 
Dual-polarization self-mode-locked operation
To begin with, the water temperature for cooling the holder was set at 15 °C to observe the overall performance. Figure 2 demonstrates the temporal trace and the RF spectrum at an incident pump power of 1.04 times the lasing threshold. The relaxation frequency f r and its harmonics can be observed in the RF spectrum. It can be seen that the output intensities consist of a low-frequency envelop that forms the quasi-periodic pulse packages [39] . Figure  3(a) shows the experimental result for the output power versus the incident pump power. The average output power reached 460 mW at an incident power of 2.9 W, corresponding to a slope efficiency of approximately 21.5%. The optical spectrum of the lasing output at the maximum pump power of 2.9 W is depicted in Fig. 3(b) . The structure of the multiple longitudinal modes can be clearly seen because the mode spacing is large enough for resolving. It was experimentally confirmed that the number of the longitudinal lasing modes was approximately 6~8 for the pump power greater than 1.1 times the lasing threshold. The oscilloscope traces of the total output intensity revealed that the lasing emission naturally stepped into the SML operation when the pump power is sufficiently high for the multiple-longitudinal-mode oscillation. Typical oscilloscope traces of the mode-locked pulse trains at a pump power of 2.5 W are illustrated in Figs. 4(a) and 4(b) with the time span of 50 ns and 2 ns, respectively. Figure 4(a) illustrates the stability of the SML laser, and the fluctuation can be seen to be better than 2%. On the other hand, the pulse period in Fig. 4(b) is approximately 79.3 ps, which agrees very well with the round trip time of the monolithic cavity. Figure 4 (c) depicts the autocorrelation trace of the mode-locked pulse train with the delay time of 60 ps. The FWHM of the autocorrelation trace is measured to be about 10.7 ps. With the Gaussian-shaped temporal profile for analysis, the pulse width of the autocorrelation trace was found to be approximately 7.6 ps. Next, we measured the polarization-resolved temporal traces to explore the polarization state of the output emission. We found that the lasing output was composed of two orthogonally polarized eigenstates with different central frequencies. The two orthogonally polarized eigenstates were found to be along the horizontal (x) and vertical (y) directions with respect to the bottom wall of the holder. Figures 5(a)-5(d) show the oscilloscope traces for the polarization-resolved output intensities I θ at θ = 0 , θ = 90 , θ = 45 and θ = 135 at an incident pump power of 2.5 W, respectively, where θ is the analyzer angle with respect to the x axis. The pulse trains for two orthogonal eigenstates at θ = 0 and θ = 90 can be seen to be almost identical to the feature of the total output intensity. On the other hand, the polarization-resolved output intensities at θ = 45 and θ = 135 displayed a phenomenon of intensity modulation with a beat frequency of 167 MHz, as seen in Figs. 5(c) and 5(d). It was further verified that the beating modulation trace were completely antiphase between θ = 45 and θ = 135 . The appearance of the beat frequency indicates the existence of the birefringence effect in the laser crystal. 
Controlling beat frequency and emergence of temporal chaos
We made further experimental and theoretical studies to verify that the origin of the birefringence effect in the laser crystal mainly came from the temperature difference ΔT between the side walls and the bottom wall of the copper holder. Figure 6 (a) shows the total output power versus the water cooling temperature T c at a pump power 2.0 W. The total output power obviously decreased from 333 mW to 230 mW with increasing the temperature from 10 °C to 35 °C. The output power reduction was mainly due to the increased reabsorption loss with increasing temperature. Not only the output power but also the beat frequency changed with the water cooling temperature, as shown in Fig. 6(b) . It can be seen that the beat frequency is up to 222 MHz at T c = 10 °C and down to the minimum for T c close to the surrounding temperature T s = 27 °C. The minimal value of the observable beat frequency was approximately 5 MHz. Figures 6(c) and 6(d) show the polarization-resolved output intensities I θ with θ = 45 at T c = 10 °C and 27 °C, respectively. This result implies that the birefringence effect in the laser crystal depends on the water cooling temperature. When the water temperature was higher than the surrounding temperature, the beat frequency started to rise to 56 MHz at T c = 35 °C, indicating the increasing of the birefringence. To be brief, the magnitude of the birefringence can be effectively varied by controlling the temperature difference between the water and the surrounding. Considering the birefringence effect in the monolithic cavity, the frequency difference between the two orthogonal polarization states is given by equation:
where f is laser frequency, n is the refractive index, L cry is the geometric length of the laser crystal, and ΔL is the difference of the optical cavity length between two polarization states. Using the stress-optic law of two-dimensional photoelasticity, the optical path difference of the photoelastic material is given by [40, 41] :
where C is the relative stress-optic coefficient and Δσ is the principal stress difference. The principle stress difference Δσ is related to the temperature difference ΔT between the side and bottom surfaces of the Nd:YAG crystal, which approximately corresponds to the temperature difference between the side walls and the bottom wall of the copper holder, respectively. The bottom wall of the copper holder is nearly determined by the water cooling temperature T c . Subject to the influence of the surrounding temperature, the average temperature at the side walls of the copper holder can be approximated as ( ) 
Conclusion
In conclusion, we have experimentally investigated the laser performance of an diode-endpumped monolithic Nd:YAG laser at 946 nm. It was found that the SML operation with a pulse repetition rate of 12.6 GHz could be naturally achieved when the pump power was greater than the threshold of the multiple-longitudinal-mode generation. The output power can be up to 460 mW at an incident pump power of 2.9 W. It was also found that the SML output was composed of two orthogonal polarization components with a central frequency difference to lead to a beating modulation in the temporal characteristics. We further confirmed that the origin of the beat frequency was the birefringence effect in the laser crystal mainly induced by the temperature difference between the side and bottom surfaces of the Nd:YAG crystal. By controlling the water temperature between 10−27 °C, the beat frequency can be widely adjusted in the range of 5−220 MHz. More interestingly, the present experiment confirms the theoretical prediction that the two-mode operation in the class-B laser systems generally exhibits the chaotic dynamics when the frequency difference is rather close to the relaxation frequency.
